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Abstract
The evolution of the shallow water wave-dominated Fougueux (1805) wreck site in the Gulf of Cádiz was investigated through repeat bathymetric surveys, wave- and current- velocity field measurements and numerical modelling. This multidisciplinary approach was used to understand the relationships between scouring, morphodynamic change and hydrodynamic forcing. Results from the field experiments and numerical models indicate that wave processes dominate site evolution. Numerical model outputs indicate current velocity, bed shear stress, orbital velocity, and specially wave fraction breaking (with an increase of 45% and 135% for weak and significant storm conditions respectively) are all amplified at the wreck site. Scour pits 0.8 m depth inshore and 0.4 m depth offshore of the wreck are developed in response to hydrodynamic forcing. Time-lapse bathymetric surveys quantify seasonal geomorphological change at the Fougueux site. Up to 1.2 m of sediment is deposited and 0.7 m of sediment eroded in response to seasonal wave climate variation (an increase of 0.5 m for mean significant wave height, 0.9 m for significant wave height corresponding to 99% of non-exceedance probability and 0.4 m∙s-1 for mean near-bed orbital velocity during winter conditions). A 2-dimensional scour model reproduces observed seasonal scour changes. Results have direct applications at all stages of site investigation, from prospection, through excavation and into site management.
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5.1	Introduction
As natural processes exert control on the formation and evolution of shipwreck sites, it is important to increase our understanding of the links between structural degradation and dominant physical, chemical, and biological processes acting in the marine environment. In particular, physical processes such as hydro- and sediment-dynamics are key factors in the early stages of site formation (Ward et al., 1999) and the evolution of energetic sites (McNinch et al., 2006). 
Wrecks and artefacts may remain buried if they are located in an overall depositional environment, or they may be continuously exposed in the case of an erosive environment. At some sites, it is possible that artefacts and structures are alternately buried and exposed, depending on hydrodynamic conditions. Scouring associated with flow-structure interaction can play a fundamental role in the exposure or burial conditions at a particular shipwreck site (Quinn 2006). Scouring takes place when an object placed on the seabed causes fluid velocity to increase around it. Typically, erosion then occurs around the object, with deposition of sediment close to the eroded areas (Soulsby, 1997). 
Scouring and geomorphologic changes around submerged structures have been investigated due to their relevance in oceanography (Caston, 1979) and coastal engineering  ADDIN EN.CITE (Myrhaug & Ong, 2009; Myrhaug & Ong, 2010; Sumer et al., 2001; Sumer et al., 2005). The importance of scouring in the site formation of historic shipwrecks dominated by steady currents has been explored in some detail in recent studies  ADDIN EN.CITE (e.g. Quinn, 2006; Quinn & Boland, 2010; Smyth & Quinn, 2014). Fewer comparable investigations have been conducted at shallow historic wreck sites where wind waves are the primary control on scour. A notable exception is a study on the fate of artefacts and wreck settling in response to episodic scour processes driven by storm waves and tidal inlet migration  ADDIN EN.CITE (McNinch, Wells & Trembanis, 2006; Trembanis & McNinch, 2003). This investigation concluded that scour processes were interrupted once the wreck settled on an erosion-resistant underlying layer. A more recent study on the evolution of an artificial reef site in a mixed wave-tide regime came to a similar conclusion - that reef modules reached equilibrium with the environment in 6-7 years (Raineault et al., 2013), settling 1.3 m onto a coarse sediment horizon that prevented further settling. 
In this study, we investigate and characterise formation processes and site evolution at a wave-dominated historic shipwreck site on a mixed sand-rock substrate using repeat bathymetric surveys, wave- and current- velocity field measurements and numerical models. The objectives of the study are: (1) to characterize scour processes around the shipwreck; (2) to assess morphological changes associated with seasonal variations in hydrodynamic conditions; (3) to investigate local variations induced by the wreck site on the current velocity and wave field, and (4) to understand the interaction between hydrodynamics and sedimentary processes in the formation and evolution of the site.
5.2	Materials and methods
5.2.1	Study site
Fougueux, a 74-gun Temeraire-class French ship-of-the-line, took part in the Battle of Trafalgar in October 1805, pitting the combined French-Spanish fleet against the British off the coast of Cádiz. Fougueux sank after the battle, driven onto a rocky shoal by a storm after demasting. 31 cannons, a large anchor and the central part of the hull remain at the site today. Despite exposure to open sea conditions, partial burial in sediment has resulted in the preservation of a considerable portion of the wooden hull structure (Rodríguez Mariscal et al., 2010). The remaining 15x7 m hull structure and associated artefacts are heavily concreted. A debris-field, primarily comprising the 31 remaining cannon, is scattered over a 45x40 m area on a mixed sand-rock seabed. 
The wreck site is located on the SW coast of the Iberian Peninsula (off the Straits of Gibraltar) at a distance of 1.7 km from the coastline, seaward of the Sancti Petri sand spit (Figure 1a). The seafloor has a shallow gradient, with an average slope of 0.005º. Depth around the shipwreck varies between 5 and 10 m. The seafloor around the wreck comprises well-sorted fine quartz sand (D50 = 0.177 mm). Sediment around the shipwreck shows some horizontal variability, varying from very fine sand (D50 =0.126 mm) in the south of the area to fine sand (D50=0.287 mm) in the north. A Plio-Quaternary shelly conglomerate represents the rocky substratum and acoustic basement in the study area, known locally as roca ostionera (Gutiérrez-Mas et al., 2004). Late Pliocene and Holocene sands, silts and clays overlay the basement. Progradational estuarine and marine sediments top the sequence. Seismic profiling in the Bay of Cádiz (to the north of the wreck site) indicates a maximum thickness of 25 m of unconsolidated sediment overlying bedrock (Gutiérrez-Mas et al., 2004). 
Meteorological conditions are characterized by dominant Atlantic winds from the W and WNW, and Mediterranean winds from the ESE, which although less frequent, have greater intensity. Associated wave energy from the W and WSW is the major hydrodynamic agent acting on the site (Figure 1), with the significant wave height <1 m for 50% of the year. During extreme storm events significant wave height at an offshore wave buoy exceeds 4 m from the WSW. The coastline is meso-tidal (mean spring range of 2.96 m), with NE-SSE current intensities of 0.2 and 0.4 m∙s-1 (at 20 m) on the flood and ebb flows respectively (Figure 1b). During ebb flow in spring tides, current velocity reaches 0.8 m∙s-1 (Reyes, 2004). Tidal current velocity decreases rapidly in the shallow water around the Fougueux wreck site. 

Figure 1. Location map of the study site in the Gulf of Cádiz. Also shown are the depth-averaged current velocity rose corresponding to the Sancti Petri ADCP (bottom left), and the wind-wave rose from the historical wave buoy time series (bottom right). 
5.2.2	Hydrodynamic model
As field-based measurements of waves and currents used in this study are limited to single sample points and limited recording periods, we supplemented field data with numerical models to accurately reproduce the ocean climate.
Oluca-sp
The wave climate regime at the Fougueux site was modelled by propagating a historical wave hindcast 44-year-long hourly time series (SIMAR-44) to the shipwreck location using the Oluca-SP model (GIOC, 2001). SIMAR-44 data provided the offshore wave spectral characteristics (significant wave height, Hs0, peak period, Tp0, wave direction, θ0, and sea water level (SWL)). These deep-water spectral waves were propagated to the site, and the local sea state parameters (Hsi,Tpi,θi, SWL) were obtained for each of the 385704 hourly (44 years) offshore sea states. Once the time series had been reconstructed at the site, the series was separated into high- and low- wave energy seasons, correlating with the different phases of bathymetric survey. Finally, a directional and scalar seasonal wave climate regime was calculated. 
Delft-3D 
Coastal circulation was modelled using Delft3D-FLOW (Lesser et al., 2004), using SWAN (Booij, Ris & Holthuijsen, 1999; Ris, Holthuijsen & Booij, 1999), a phase-averaged wave model, to force a flow model that solves unsteady, shallow-water equations (Stelling & van Kester, 1996; Lesser et al., 2004). To model realistic hydrodynamic conditions, wave and flow modules were coupled, allowing simulation of wave-induced currents, changes in water levels and wave-current interaction effects.
The flow model setup was carried out using a 2D depth-averaged approach computation, taking advantage of well-mixed conditions. Using the domain decomposition (DD) feature, three successively more detailed computing grids (M2, M3 and M4) were nested to a coarser grid M1 (252 m resolution and 64,3 x 44,8 extension) that included all the modelling area from Trafalgar Cape to Chipiona. M2 with 83 m resolution and 37 x 16 km extends from Punta Candor to Sanctipetri tidal creek, M3 with 28 m resolution and 4.6 x 2.9 km extends from Sanctipetri rocky Bar to Pta Poniente and M4 with 9 m resolution and 1.5 x 0.9 km is centred on the shipwreck site. The tidal open boundary conditions of the coarser domain included 6 main tidal constituents (O1, K1, K2, N2, S2, M2) taken from global tidal model AG95.1 (Andersen, 1995).
The wave model setup was conducted using a detailed model grid (10 m resolution) for the shipwreck site, nested within a coarser grid (50 m resolution). Wave boundary conditions were set from the wave directional buoy (739138N, 4042723W) (Figure 1) of the REDCOS network of the Spanish agency, Puertos del Estado. The model reproduced a storm that occurred in December 2009 to assess the impact of short, high-energy events on the site. The simulated storm represented a characteristic storm wave in the area, with the event divided into two phases whose characteristics depicted weak and significant storm conditions. Waves reached a maximum of 4.8 m significant wave height with a 9 s peak period from 237o, ending with 3 m significant wave height, and a 12 s peak period from 260o. These wave height values correspond to class I (weak) and class III (significant) storm events according to the existing storm classification for the area (Rangel-Buitrago & Anfuso, 2013). Class I (weak) accounts for 57% of total storm events, while class III (significant) for 8%. These storms occur mostly in the autumn-winter season, with a frequency (0 to 12 events per season) strongly marked by inter-annual variability (Rodríguez-Ramírez et al., 2003).. In order to investigate the influence of the hull remains on the local waves and current field, the numerical experiment was also replicated in the absence of the hull remains.
5.2.3	Field data
Bathymetric surveys
Monitoring of morphological changes and bathymetric characterization of the Fougueux site took place from 2011 to 2013 with surveys conducted on dates marking the transition from winter to summer conditions. 
Three single-beam echo-sounder (SBES) surveys were conducted (28.11.2011, 21.05.2013 and 11.09.2013) using a 235 kHz Ohmex Sonarmite v3.0 (sample rate 1 Hz and theoretical vertical resolution 0.05 m). Two survey meshes with different line-spacing were collected: 600x600 m with 40 m spacing and 150x150 m (centred on the shipwreck) with 10 m spacing (Figure 2). Positional data were provided by a Leica 1200 RTK-DGPS. SBES data were tide- and wave- corrected using RTK-DGPS data and sound velocity corrections from an IDRONAUT 305-CTD. Total propagated uncertainty (TPU) for the SBES surveys is estimated at 0.50 m. Difference models of the wreck site were constructed in ArcGIS v10.1, using a kriging interpolator (ordinary prediction and 10 m cell size) for the 150 x 150 m study area centred on the wreck. 
On 23.11.2013, a multi-beam echo-sounder (MBES) bathymetric survey was conducted with a 200 kHz Reson Seabat 8124 (1.5º beam width, 0.01 m vertical resolution and 39.89 Hz sample rate). Positional data were acquired using a Leica 1200 RTK-DGPS. Tidal- and wave- corrections were derived from RTK-DGPS data and sound velocity corrections from a Reson SVP70. TPU for the MBES surveys is estimated at 0.35 m.
Current velocity and wind-wave data
During summer 2013, field-based oceanographic characterization of the site was conducted in two phases. From 02.06.2013 to 27.06.2013, an electromagnetic current meter and pressure sensor were moored 0.75 m above the seabed offshore of the site to characterize near-bottom dynamics. From 03.07.2013 to 09.09.2013, an acoustic doppler current profiler (ADCP) was added to the pressure sensor, recording 3 components of the current velocity. These measurements allowed us to obtain near-bed wave orbital velocity, a profile of tidal current velocity and the directional wave spectrum (Figure 3). Finally, historical wave hindcast time series (SIMAR-44) and data from the wave directional buoy of the REDCOS network (Gulf of Cádiz) were acquired. Additionally, a 28-day time series record (from 04.10.1997 to 02.11.1098) from an ADCP bottom mounted at 22 m depth southwest of Sancti Petri (747102, 4024391) (Figure 1) were used for validating model results.
5.2.4	Scour model
To evaluate the inshore scour characteristics around the shipwreck, a two-dimensional scour model (2DSM) was applied (Young & Testik, 2009). Maximum scour depth (), scour length (), and the distance of  inshore of the shipwreck () were established. These scouring parameters depend on the characteristics of shipwreck remains (depth (h), shipwreck remains width or rock shoal width () and environmental conditions (density and sediment size, wind-wave height () and period (T). The following empirical equations derived by Young and Testik (2009) were implemented in the study area:
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5.3	Results
5.3.1	Site morphology
Bathymetric data from the MBES survey (Figure 2) indicates the wreck remains are concentrated in two locations (Figures 2a and 2b). The 15x7 m remains of the wooden hull structure are located on a largely sand substrate, with the shallowest point of the hull at a depth of 5.2 m. 30 m to the south-east of the hull remains, a rocky shoal (Figures 2a and 2b) is scattered with a debris field comprising cannon and other artefacts. The hull structure and cannon are separated by a 7 m deep ‘channel’. Bedrock is also exposed at the north of the wreck structure at a depth of 5.9 m, slightly deeper that the surrounding sandy bed (Figure 2a and 2b).

Figure 2. MBES bathymetric data from the Fougueux site. The location of the difference models (Figure 8) is indicated. Schematic of the Fougueux hull remains and rock outcrop with scattered cannons are based on Rodríguez Mariscal et al. (2010).
Scour pits are developed in the sandy bed around the wreck site (Figure 2a). The most notable of these scour signatures is located inshore of the hull remains and rock shoal, oriented NNW-SSE, reaching a depth of 7.3 m and extending for 80 m parallel to the site. On the offshore side of the hull structure, a 0.35 m deep, 2 m wide scour pit is developed adjacent to the hull remains. The inshore scour pit is symmetrical in profile about its longitudinal axis and the offshore scour pit is asymmetric, with the steeper slope towards the shipwreck. Diver observations indicate the base of the scour pit does not reach the rocky substratum. Shipwreck remains and rocky substrate are observed in the vertical face of the pit proximal to the hull remains. 
5.3.2	Hydrodynamic monitoring
Current velocity and wave data collected at the Fougueux site is summarised in Figure 3. Near-bed wave orbital velocity (Wb, Figure 3a) is evident even with small wave heights (Figure 3b). In the case of storms with significant wave heights between 2.0-2.5 m, Wb reaches 1.1 m∙s-1. Peak period during the field experiment varied from 4 to 11 s. During winter storms peak period can reach 18 s, inducing greater near-bed orbital velocities and larger bed shear stresses.
ADCP-derived depth-mean current velocity data (Figure 3c) show typical semidiurnal tidal variability, with a dominant NNW orientation for flood and SSE for ebb tide conditions. Mean current velocities are 0.15-0.25 m∙s-1. Velocities above this value, directed NNW, correspond to a SE wind. In contrast, current velocities greater than 0.25 m∙s-1, directed SSE, are linked to a west wind event registered during the field experiment. Figures 3d and 3e represent the tidal ellipses for the principal lunar semidiurnal constituent M2 and principal solar semidiurnal constituent S2, obtained by harmonic analysis. The semi-major axis, corresponding to the maximum tidal velocity, indicates values of 0.12 m∙s-1 for M2 and 0.04 m∙s-1 for S2. The orientation of the major axis is -10o from north for M2 and +3o for S2.

Figure 3. Hydrodynamics and wave parameter measured at the Fougueux site. (a) Near-bed wave orbital velocity. (b) Significant wave height derived from velocity and pressure sensor measurement. (c) Current rose diagram of depth-mean velocity. (d) Tidal ellipse parameter for principal lunar semidiurnal constituent M2 achieved by harmonic analysis. (e) Principal solar semidiurnal constituent S2 obtained by harmonic.
5.3.3	Hydrodynamic modelling
Oluca-sp output
We propagated the wave conditions to the Fougueux site for winter and summer conditions (high- and low- wave energy). Scalar seasonal climate of significant wave height and near-bed orbital velocity were calculated using a log-normal distribution. The non-excedance probability plotted against significant wave height and near-bed orbital velocity are plotted in Figures 4a and 4b. Figures 4c and 4d show the directional wave climate during respective low- and high- energy periods.
The mean wave heights are 0.67 m in summer and 1.18 m in winter. The maximum wave height is 4 m and is limited by local depth (wave breaking). Significant wave height is greater during the October-April period. Waves predominantly originate from the SW quadrant, facing the open ocean. In summer, waves from the west dominate (75%), while in winter WSW (61%) is dominant. The highest waves correspond to the WSW direction. Bottom orbital velocity (Figure 4b) follows the same pattern as wave height. Mean bottom orbital velocity is 0.30 m∙s-1 during summer and 0.68 m∙s-1 during winter. The maximum value of near-bed wave orbital velocity rises to 2.25 ms-1 during stormy winter conditions.

Figure 4. (a) Scalar seasonal wave climate of significant wave height; (b) scalar seasonal wave climate of near bottom orbital velocity wave; (c) directional wave climate during annual low energy conditions, and (d) directional wave climate during annual high energy conditions.
Delft-3D output
This section discusses the results of simulating the storm conditions in December 2009 generated by a ‘typical’ winter storm in the area. Two distinct stages of this storm event are defined: the peak (Hs=4.8 m and Tp=9 s when tidal elevation was 0.2 m below mean water level) and fading storm (Hs=3 m and Tp=12 s when tidal elevation was 0.47 m above mean water level). We consider these two stages as representative of an significant (class III, significant storm according to Rangel-Buitrago & Anfuso (2013), 8% frequency) storm event (Figures 5a to 5c; Figure 6) and a weak (class I, weak storm according to Rangel-Buitrago & Anfuso (2013), 57% frequency) storm (Figures 5d to 5e; Figure 7).
Regional pattern of hydrodynamics and wave conditions
During significant storm conditions, current velocities do not exceed 0.30 m∙s-1 in most of the domain, intensifying when approaching to the coast. There, the circulation is dominated by long-shore currents established between the counter-rotating circulation cells generated at the Anegada shoal at the NW and at the Sancti Petri bar at the SE, with frequent current jets perpendicular to the coast. At Anegada shoal and Sancti Petri bar there are relative maxima in the current velocity field (Figure 5a) always perpendicular to the coast. Smaller-scale recirculation cells form proximal to the Fougueux site. Breaking waves at the rock shoal produce a stream current input that reaches 0.93 m∙s-1 (south of the site) in shallow areas and a rip current output in the deeper areas (at the site) as shown in Figure 5a. A mean value of Hs=4.5 m is observed at the offshore side of the domain at a depth of 7 m (Figure 5b). Wave-breaking produces a notable reduction of wave height in the onshore direction, most clearly at Anegada shoal and Sancti Petri bar. At the shipwreck the wave height is reduced to 3.5 m, leading to wave refraction proximal to the site. Near-bed wave orbital velocity (Figure 5c) reaches a maximum of 1.7 m∙s-1 in shallow water. Throughout the study area, a large band- with a mean value of 1.5 m∙s-1 is noted. The wreck site lies within this zone where takes place wave-breaking.
With respect to weak storm conditions, current velocities (Figure 5d) are maximal parallel to the shoreline in depths between 5 and 6 m, with average intensities between 0.5 and 0.3 m∙s-1. Current jets perpendicular to the coast are not observed. Current velocity intensifies over the Anegada shoal and Sancti Petri bar, reaching 0.7-0.8 m∙s-1. In relation to waves, a larger peak period and a linked increase in wavelength contribute to shoaling and refraction. At the rock shoal, wave height increases to 4 m, and at the hull site, significant wave height reaches 3.4 m. Orbital near-bed velocity oscillates between 1.77 m∙s-1 at the rock shoal and 0.7 m∙s-1 in deeper water. Wave breaking takes place closer to the shore during weak storm conditions. 

Figure 5. Regional pattern obtained with Delf3D model. (a) Current velocity during a significant storm. (b) Significant wave height during a significant storm. (c) Near bottom wave orbital velocity during a significant storm. (d) Current velocity during a weak storm. (e) Significant wave height during a weak storm. (f) Near bottom orbital wave velocity during a weak storm.
Local pattern of hydrodynamics and wave conditions
The local velocity pattern for the significant storm event (Figure 6a) shows a clear SW-NE band representing a strong rip current developed over the Fougueux site, with a 0.7 m∙s-1 current towards the WSW. Flow velocity increases to a maximum of 0.9 ms-1 in the channel between the hull remains and the rock shoal, with deflection to the southwest. North and south of the rip current band the velocities decrease remarkably. Significant wave height reaches 4.5 m in the offshore direction, to the southwest of the Fougueux (Figure 6b). Wave height reaches 3 m to the north and 2.5 m to the south of the wreck, with shoaling-induced refraction at the wreck site leading to wave amplification of 3.75-4.00 m. 

Figure 6. Local pattern of hydrodynamics and wave conditions during characteristic significant storm conditions. Schematic of the Fougueux hull remains and rock outcrop based on Rodríguez Mariscal et al. (2010). (a) Current velocity. (b) Significant wave height. (c) Bed shear stress. (d) Near bottom orbital velocity wave. (e) Fraction of breaking waves.
Mean bed shear stress is calculated accounting for non-linear interaction between waves and the current boundary layer (Figure 6c) and closely follows the spatial patterns depicted by these variables. A maximum of 12 N∙m-2 is reached immediately offshore the site, where current and wave fields intensify. To the north and south of the hull remains, shear stress reaches 8-10 N∙m-2 and 6-8  N∙m-2 respectively. Inshore the wreck, the shear stress gradually decreases to 6 N∙m-2. All these values are significantly larger than the critical stress threshold necessary for sediment entrainment (0.14 N∙m-2).
Near-bed orbital velocity (Figure 6d) shows its maximum (1.9 m∙s-1) offshore the site. Towards the shore of the wreck, we find a minimum of 1.5 ms-1 aligned with the scour depression, and then an increase to 1.7 m∙s-1 in shallower water. Breaking zones (highlighted in Figure 6e) illustrate that fraction breaking is highest offshore (0.020-0.045), with a maximum of 0.045 around the shipwreck, and a local minimum located over the scour pit. 
The local velocity pattern for weak storm conditions (Figure 7a) is radically different from the previous one. It shows a SSW longshore current induced by oblique incident waves clearly intensifying to the east. The current velocity ranges from 0.12 m∙s-1 offshore to 0.36 m∙s-1 inshore. A local increase in current velocity (0.24-0.26 m∙s-1) is evident at the wreck site, with a relative minimum immediately inshore of the wreck over the scour pit. Waves approach the shipwreck from the WSW (Figure 7b), and significant wave height is amplified by shoaling up to 3.45 m. Relatively homogenous wave height is noted around the site, with variation as little as 0.30 m. 
Mean bed shear stresses (Figure 7c) are significantly lower than those for significant storm conditions. Values vary between 0.4 N∙m-2 offshore to 2.5 N∙m-2 inshore. Bed shear stress levels of 1.4 N∙m-2 at the hull remains and 1.6 N∙m-2 at the rocky shoal are several times smaller than those estimated for significant conditions, but in any case, the bed shear stress values are larger than the critical stress threshold necessary for sediment entrainment.
Near-bed orbital velocity (Figure 7d) during weak storm condition varies between 1.70 and 1.40 m∙s-1, reaching 1.65 m∙s-1 at the rocky shoal and 1.55 m∙s-1 at the hull structure. There is a clear decrease in near-bed orbital velocity related to the scour pit. The wave-breaking fraction, with ranges of 5.0-0.5x10-3 (Figure 7e) is reduced by one order of magnitude with respect to significant storm conditions. Wave braking takes places mainly from the wreck site to the south, with the maximum located to the south of the site, in agreement with the spatial pattern depicted by the significant wave height. 

Figure 7. Local pattern of hydrodynamics and wave conditions during characteristic weak storm conditions. SChematic of the Fougueux hull remains and rock outcrop based on Rodríguez Mariscal et al. (2010). (a) Current velocity. (b) Significant wave height. (c) Bed shear stress. (d) Near bottom wave orbital velocity. (e) Fraction of breaking waves.
Assessment of hull remains influence in the local pattern of hydrodynamics and wave conditions
Table 1 lists the ratios of depth averaged current velocity (V), significant wave height (Hs), near bed orbital velocity (Wb), fraction breaking (Fb) and bed shear stress (BSS) achieved at two control points (hull remains and rock shoal) for two Delft3D numerical experiments. The subindex S denotes the numerical experiment performed using observed bathymetry. The subindex NS denotes the numerical experiment performed using a theoretical bathymetry, where depth values corresponding to the hull remains are changed to depth values corresponding to the natural slope of the site (without the hull remains). 
Table 1. Amplifications values of waves, current and derived parameters caused by the presence of hull remains at the shipwreck site. 
		Ratios of parameters computed with Delft3d 






In the control point located at the hull remains, the numerical experiments reveal an increase in all observed parameters due to the presence of the hull, with the exception of Hs (Table 1). The lower Hs value may be explained by the augmentation of fraction breaking waves during significant storm conditions (45%) and especially during weak storm conditions (132%). The presence of the hull remains induces the breaking of higher waves with the obvious reduction of Hs. Increases in depth averaged current velocity of 5% and 4% during significant and weak storm conditions respectively are calculated. In addition, near bed orbital velocity increases of 3% and 5% are also modelled during significant and weak storm conditions. The velocity and near bed orbital velocity amplification produces an increase in BSS of 9% during significant storm and 5% during weak storm conditions in the presence of the hull remains. 
In the case of the control point located at the rock shoal, the influence of the hull was greater on the depth averaged current velocity (increases of 7%) and on the BSS, with increases of 11% and 8% for significant and weak storm conditions respectively. However, the increment in near bed orbital velocity (1% for significant storm) and the augmentation of fraction breaking (6% for significant and 3% weak storm) reveals the lesser impact of the hull on these parameters. 
5.3.4	Difference models
Difference models were constructed from the tide- and wave- corrected SBES data (Figure 8) to assess geomorphologic change around the site (Quinn & Boland, 2010) in response to hydrodynamic forcing. Although the changes recorded in the difference models (-0.7 to +1.2 m) are on the order of the TPU of the SBES surveys (0.5 m), the depositional and erosional patterns modelled correlate strongly with diver observations on the site. The overall pattern of deposition and erosion recorded in the difference models is reflective of seasonal changes in sand movement, with high-energy winter storm waves pulling sand offshore and depositing it in the study area (overall deposition recorded in Figure 8a) and lower, gentle summer waves carrying sand back onshore (overall erosion occurring in Figure 8b).
Difference model 1: between surveys conducted on 28.11.2011 and 21.05.2013
During high-energy (winter) conditions, net erosion occurs at both the hull structure and rocky shoal (Figure 8a), in the areas of the hull remains and inshore scour pit. Outside these critical areas, net deposition is recorded (Figure 8a). Maximum erosion occurs inshore of the hull remains and the rocky shoal, with maximum net sediment loss of 0.7 m recorded. Maximum deposition is recorded 60 m inshore of the wreck, where sediment accumulates to a depth of 0.6 m. 
Difference model 2: between the two surveys conducted on 21.05.13 and 11.09.2013
During the low-energy (summer) period net accretion is recorded inshore of the hull structure, with 1.2 m of sediment deposited behind the hull remains, in the area of the inshore scour pit. 0.8 m of sediment accumulates in the channel between the rocky outcrop and the hull remains. An erosional zone corresponding to the local scour feature inshore of the hull remains, shows sediment loss of 0.2 m near the hull, 0.3 m in the channel, and 0.4 m in the area southeast of the rocky shoal. 

Figure 8. Difference models of the Fougueux site derived from repeat SBES bathymetric surveys related to (a) the period 28.11.2011 to 21.05.2013 and (b) the period 21.05.13 to 11.09.2013. Net erosion is indicated in blue and net accretion in red. Increased intensities in colour correlate with increased erosion and accretion rates.
5.3.5	Scour model prediction versus measured data
The scour parameters simulated by 2DSM (Young & Testik, 2009) are displayed in Figure 9a. Profiles located in Figure 9b were extracted from a digital elevation model (DEM) derived from the 11.09.2013 and 21.05.2013 SBES surveys. Two-dimensional scouring parameters measured in the profiles were compared with the calculated 2DSM parameters (Table 2). 2DSM wave forcing was set up to represent characteristic winter and summer storm conditions, with Hs and Tp at 99% of non-exceedance probability. For the mobility parameter at the seafloor, a quartz density value of 2600 kg.m-3 and a grain size value of D50=0.177 mm was used, based upon analysis of five sediment samples collected at the shipwreck site. The scour model does not support space varying sediment characteristics.
The hull structure profiles show maximum summer scouring () around 0.6 m. The range of variations increases during winter conditions, with values between 0.6 and 0.8 m. However, the distance of  from the inshore structure () decreases from 4.0-6.0 m in summer to 3.0-4.0 m in winter. A similar pattern is observed with respect to scour length (), with a summer range of 14.1-23.4 m and a winter range of 17.1-18.1 m. Maximum  (0.8 m) is measured during winter conditions in profile C-C’, and maximum  (23.4 m) is recorded in summer conditions in profile C-C’. Bedrock exposed at the north of the wreck structure affects profiles A-A’ and B-B’. Hard substrate was not considered in the model and its presence may slightly modify the extent and shape of the inshore scour pit in this area.

Figure 9. (a) Definition sketch for the attached scour pattern and parameters (Young & Testik, 2009). (b) Profiles extracted for analysis and comparison. (c) Profiles extracted from time-lapse SBES bathymetric survey conducted 11.09.13 (red line) and mean slope (0.0045) calculated in the offshore area (grey line).  
Measured  values of 0.7 m and 0.5 m are recorded at the rocky shoal (profile D-D’) during summer and winter conditions respectively. These values are similar to those recorded in the hull profiles. However,  values of 46.3 m and 38.3 m are significantly higher.

Table 2. Scour parameter predicted (Young & Testik, 2009) and measured derived from SBES data survey 21.05.13 linked to high-energy (winter) conditions and 11.09.13 linked to low-energy (summer) conditions.











Model-derived scour parameters show no sensitivity to structure dimensions, in clear disagreement with the measured values. In contrast, the transition from summer to winter conditions in the model produced a variation of  and  of the same order as the measured values derived from the bathymetric data. However, the seasonal change in  and has the opposite sign. Good agreement between measured and predicted values of  and  during winter is noted, with the exception of profile D-D’ that represents the natural scour associated to the rock shoal. 
5.4	Discussion
The Fougueux site is located in an energetic shallow-water environment, where oscillatory flow dominates scouring processes, as quantified by field measurements. This is demonstarted where near-bottom orbital velocities are almost always above 25 cm·s-1 (Figure 3a), while depth-averaged ADCP current velocities (Figure 3c) rarely exceed that value. In addition, the numerical models indictate that during significant and weak storms, oscialltory flow dominates (Figures 6d and 7d) over depth averaged current velocity (Figures 6a and 7a). 
At the Fougueux site, the dominant scour pit forms inshore of the wreck. Previous studies  ADDIN EN.CITE (Voropayev et al., 2003; Quinn, 2006) of submerged objects and shipwrecks influenced by progressive shoaling waves record similar semi-elliptical single-scour holes inshore of objects. However, two differences are noted between the Fougueux site and these other systems. The longitudinal axis of the inshore scour hollow at the Fougueux site is parallel to the hull structure and rock shoal, and scouring is at a maximum immediately adjacent to the toe of the obstacles. Secondly, at the hull remains, an attached offshore scour hole is also recorded, which is absent from previous studies. These differences might be due to the increase in non-linearity of waves in shallow water, characteristic of the Fougueux site, in which wave-breaking processes occur during storm events (as evidenced in the numerical models). Similar scour signatures have been found in laboratory experiments developed to study breakwater scouring under oscillatory flow (Young & Testik, 2009), and short cylinders under combined steady and oscillatory flow (Castaño-Lopera & García, 2007). 
Two mechanisms are proposed for the inshore scour, which is recorded to a maximum depth of 0.77 m. The hull structure and rock shoal induce wave refraction and amplification (Figures 6b and 7b). When the amplified wave passes over the submerged structure, a large vortex is generated on the inshore side, accompanied by a secondary vortex below. These combined factors stir up sediment and promote scour  ADDIN EN.CITE (Chang, Hsu & Liu, 2001; Chang, Hsu & Liu, 2005). If wave height is sufficient, the shoaling hull structure and rock shoal cause premature wave-breaking (Figures 6b and 6e). Breaking waves may generate large coherent vortices, which reach the bottom and stir up sediment (Sumer et al., 2005), which is subsequently transported by steady current induced by waves (Figure 10). The attached scour hollow on the offshore side of the hull originates through a recirculation cell formed at the toe of the structure (Figure 10). This recirculation cell produces erosion in the toe of hull and sedimentation in the offshore direction, generating an accretionary ridge. The mechanism of formation is attributed to undertow steady current (originating in waves) in the same way that offshore scour occurs along the trunk of breakwater structures (Sumer et al., 2005). Maximum scour on the inshore side is markedly lower than on the offshore side, with the difference attributed to the gentler slope of the hull structure at this side. This factor might explain the absence of offshore local scour in the rock shoal area, where the slope is still shallower.
Results from the difference-modelling strongly reflect local seasonal changes in scour patterns around the shipwreck site and regional seasonal geomorphological changes. The erosion-accretion patterns are interpreted as the result of the combined effect of the following process. During the stormy period, sediment is transported offshore from dunes and beaches, resulting in net near-shore deposition. This process explains the net accretion (+0.1-0.2 m) registered through the study site during high-energy conditions. In contrast, during the swell-wave period (low-energy conditions), asymmetry between the orbital velocities beneath crests and troughs tend to drive sediment from the offshore direction towards the coast. This explains general net erosion measured during the low-energy phase. 
The morphological characteristics of the shoaling Fougueux wreck site changes the flow-field in its immediate environs, resulting in the formation of vortices around the structure, inducing scour (Sumer et al., 2001). During the high-energy period, an increase in storm wave height leads to net erosion on the inshore side of the wreck, at the toe of hull structure and rocky shoal. The sediment is probably transported inshore by wave action, and redistributed and deposited (Figure 8a). Otherwise, during significant storms, rip currents transport sediment offshore and waves redistribute depositional zones (Figure 8a). During the low-energy period, and the decrease of storm wave height, deposition and erosion patterns switch. Sediment is redistributed by waves and currents, and the scour hole is partially filled with sediment sourced from inshore.
The results predicted by the 2DSM model are consistent with field data, especially in terms of maximum scouring. Maximum scouring associated with seasonal changes are captured by the model, with deeper scouring recorded during the winter period. Differences between the measured and predicted values may be due to a combination of divergences in the Reynolds numbers in nature and those utilized in laboratory experiments (Quinn, 2006) and the contribution of steady flow to sediment transport being ignored in the physical model. The draft - significant wave height ratio is also close to the limit of application, which is reflected in the low sensitivity of the model to variations in obstacle dimensions, as well as the increase in the divergences in scour length and maximum scouring modelled and measured during summer conditions. However, despite some differences between observed and modelled scour values, the 2DSM model allowed us to predict the general patterns of scouring around the shipwreck site, and successfully capture seasonal variations in maximum scouring. This implies that this simple methodology can be used to predict scouring at similar wreck sites by combining seasonal wave climate data, depth, and easily measured characteristics of the wreck structure (draft, width and height). No distinguishable variation is observed in the offshore scour hole around the hull structure; possibly because the grid size (10 m) employed in the DEMs used in the accretion-erosion models and profile extractions are too coarse to reflect possible changes. However, based on dive observations a modification in the offshore scour pit was also detected. 
Regional variations in the wave and current fields induced by the presence of the rock shoal and by changes in shoreline orientation demonstrate an influence in the local wave parameters and currents at the wreck site. The enhancement in wave height induces an increase in the near-bottom orbital velocity, fraction breaking and bed shear stress parameters involved in the scour process. Despite the low tidal current velocity in the area, the model output shows a steady flow induced by waves during weak and significant storm conditions. The presence of the hull structure and rocky shoal produces flow-compression and an increase in current velocity that contributes to an increase in the bed shear stress proximal to the site (Figures 6a 6c, 7a and 7c). Furthermore, the model output indicates a rip current is generated during significant storm events, leading to further velocity and shear stress increases. Finally, the increase in velocity caused by the shoaling of the hull and rocky shoal induces a horseshoe vortex, formed by the rotation of the incoming flow, and lee wake vortices, formed by rotation in the boundary layer over the surface of the object (Figure 10). 

Figure 10. (a) Schematic model of the flow lines, vortices and scour patterns around a fully submerged shipwreck site in response to hydrodynamics and wave forcing due to a characteristic SSW weak storm that include waves and wave- or tidal- induced steady current. (b) Side view of the schematic model of the scour patterns and seasonal geomorphological changes around a fully submerged shipwreck site. (c) Plane view of the schematic model of the scour patterns and seasonal geomorphological changes around a fully submerged shipwreck site.
Current and wave pattern modifications due the presence of the rock shoal in turn impact the flow and wave interactions around the hull remains, and vice-versa. This complex interaction is focused in the channel formed between both areas. The scouring and geomorphological changes measured in this area are affected by the natural scour (associated to the rock shoal). On the other hand, bedrock exposed at the north of the wreck structure slightly modifies the extension and shape of the inshore scour pit in this area. However the scour parameters measured (profile AA’ and BB’) are much more close to scouring associated with the hull remains (profile CC’), than those corresponding to natural scour (profile DD’) ( Figure 9).
In summary, current velocity, bed shear stress, orbital velocity, and wave fraction breaking are all amplified at the shipwreck site due to combined the presence of the hull remains and the rock shoal. As a consequence, the scour feature formed around the wreck is larger and more extensive than the scour signature expected in the absence of the hull remains. The maximum scour depth of 0.8 m was found inshore of the wreck, whereas a maximum scour depth of 0.4 m was measured on the offshore side of the hull structure. Geomorphological seasonal changes at the Fougueux site showed bed level change of the sandy bottom around the hull remains. The observed geomorphological changes show a strongly correlation with seasonal wave climate variation in the area. This variation shows during winter conditions an increase of 0.5 m for mean significant wave height, 0.9 m for Hs99 and 0.4 ms-1 for near-bed orbital velocity. The geomorphological changes were particularly notable in the inshore side, reaching up to 1.2 m of sediment deposition and 0.7 m of sediment erosion. In addition, a modification of the scour pit shape occurs, schematized in Figures 10.b and 10.c according to scour parameters measured.
The results obtained in this study cannot be extended to all other shallow water wave-dominated shipwrecks sites due to the complex system formed by hull remains and rock shoal at the Fougueux site. However, in light of these results, archaeologists should take into account the wave climate and the geomorphological response of this shipwreck site typology. Studies similar to this one could help archaeologists delimit effective prospection areas, the choice of optimal excavation periods, assess the stability of shipwreck sites using similar methods, and design and evaluate in-situ conservation projects.
5.5	Conclusions
This study represents an attempt to investigate and quantify scouring processes at a wave-dominated shallow-water archaeological site. Time-lapse bathymetric surveys and hydrodynamic- and wave- propagation models were successfully employed to assess the interaction between hydrodynamic and sedimentary processes in the formation and evolution of a wave-dominated underwater archaeological site. 
Although physical processes at the Fougueux site are dominated by waves, steady flow induced by waves cannot be neglected. Vortex formation by both wave incidence and by steady currents derived from waves occurs simultaneously. Amplification of wave height and current velocity caused by the shoaling hull remains and rocky shoal induce an increase in turbulence, near-bed orbital velocity and bed shear stress. Consequently, there is an increase in scouring and sediment transport at the Fougueux site. Although the incident wave conditions vary widely, seasonal wave climate and characteristic storm waves are correlated with seasonal scouring patterns and sediment dynamics. 
Supplementary Materials




Supplementary Figure 1. Location of the sediment samples collected at the Fougueux site and the tin rods nailed in an experiment designed to estimate the disturbance depth in the scour pits. Schematic of the Fougueux hull remains and rock outcrop with scattered cannons are based on Rodríguez Mariscal et al. (2010).

Acknowledgments
This work has been supported by the Spanish Ministry of Economy and Competitiveness, Project CTM2010-16363 (ARQUEOMONITOR). Reviews by three anonymous reviewers greatly improved an earlier version of this manuscript.
References
Andersen, O.B. (1995). Global ocean tides from ERS-1 and TOPEX/POSEIDON altimetry. Journal of Geophysical Research, 100 (C12), 249-259.Booij, N. Ris, R.C., Holthuijsen L.H. (1999). A third generation wave model for coastal regions; Part I: model description and validation. Journal of Geophysical Research, 104, 7649–7666.Caston, G.F., (1979). Wreck marks: Indicators of net sand transport. Marine Geology, 33, 193-204.Castaño-Lopera, Y.A., García, M.H. (2007). Geometry of scour hole around, and the influence of the angle of attack on the burial of finite cylinders under combined flows. Ocean Engineering, 34, 856-869.Chang, K.A., Hsu, T.J., Liu, P.L.F. (2001). Vortex generation and evolution in water waves propagating over a submerged rectangular obstacle: Part I. Solitary waves. Coastal Engineering, 44, 13-36.Chang, K.A., Hsu, T.J., Liu, P.L.F. (2005). Vortex generation and evolution in water waves propagating over a submerged rectangular obstacle: Part II: Cnoidal waves. Coastal Engineering, 52, 257-283.Gracia, F.J., Rodríguez Vidal, J., Cáceres, L.M., Belluomini, G., Benavente, J., Alonso, C. (2008),Diapiric uplift of an MIS 3 marine deposit in SW Spain: Implications for Late Pleistocene sea level reconstruction and palaeogeography of the Strait of Gibraltar, Quaternary Science Reviews, 27, 2219-2231.GIOC (2001). Modelo de Propagación de Oleaje Espectral (Oluca-SP 2.0). Manual de Referencia, modelo de Ayuda a la Gestión del Litoral Español., University of Cantabria-Ministerio de Medio Ambiente.Gutiérrez Más, J.M, Achab, M., Gracia, F. J. (2004) Structural and physiographic control on the Holocene marine sedimentation in the bay of Cádiz (SW-Spain). Geodinamica Acta, 17, 47-55.Lesser, G.R., Roelvink, J.A., Van Kester, J.A.T.M., Stelling, G.S. (2004). Development and validation of a three-dimensional morphological model. Coastal Engineering, 51 (8-9), 883-915.McNinch, J.E., Wells, J.I., Trembanis, A.C. (2006). Predicting the fate of artefacts in energetic, shallow marine environments: an approach to site management. International Journal of Nautical Archaeology, 35, 290-309.Myrhaug, D., Ong, M.C. (2009). Burial and scour of short cylinders under combined random waves and currents including effects of second order wave asymmetry. Coastal Engineering, 56, 73-81.Myrhaug, D., Ong., M.C. (2010). Random wave-induced scour around submerged breakwaters. Ocean Engineering, 37 (13), 1233-1238.Quinn, R. (2006). The role of scour in shipwreck site formation processes and the preservation of wreck-associated scour signatures in the sedimentary record - evidence from seabed and sub-surface data. Journal of Archaeological Science, 33, 1419-1432.Quinn, R., Boland, D. (2010). The role of time-lapse bathymetric surveys in assessing morphological change at shipwreck sites. Journal of Archaeological Science, 37, 2938-2946.Rangel-Buitrago, N., Anfuso, G. (2013). Winter wave climate, storms and regional cycles: the SW Spanish Atlantic coast .International Journal Of Climatology, 33, 2142–2156 Raineault, N.A., Trembanis, A.C., Miller, D.C., Capone, V. (2013) Interannual changes in seafloor surficial geology at an artificial reef site on the inner continental shelf. Continental Shelf Research, 58, 67-78.Reyes, E. (2004). Technical report:Caracterización hidrodinámica de la franja costera frente a Cabo Roche (Conil) en base a datos experimentales y resultados del modelo numérico UCA2.5.Ris, R.C., Holthuijsen, L.H., Booij, N. (1999). A third-generation wave model for coastal regions2. Verification. Journal of Geophysical Research, 104 (4C), 7667–7681.Rodríguez Mariscal, N.E., Rieth, E., Izaguirre, M. (2010). Investigaciones en el pecio de Camposoto: hacia la identificación del navío francés Fougueux, Revista PH del Instituto Andaluz del Patrimonio Histórico, 75, 94-107.Rodríguez-Ramírez, A., F. Ruiz, Cáceres, L.M., Rodrıguez Vidal, J., Pino, R., Muñoz, J.M. (2003). Analysis of the recent storm record in the southwestern Spanish coast: implications for littoral management. Science of The Total Environment 303(3): 189-201.Smyth, T.A.G., Quinn, R. (2014). The role of computational fluid dynamics in understanding shipwreck site formation processes. Journal of Archaeological Science, 45, 220-225.Stelling, G.S., van Kester, J.A.T.M. (1996). A non-hydrostatic flow model in cartesian coordinates, WL|Delft Hydraulics report.Soulsby, R. (1997). Dynamics of Marine Sands: A manual Practical Applications., Thomas Telford Telford, London.Sumer, B.M., Fredsoe, J.R., Lamberti, A., Zanuttigh, B., Dixen, M., Gislason, K., Di Penta, A.F. (2005). Local scour at roundhead and along the trunk of low crested structures. Coastal Engineering, 52, 995-1025.Sumer, B.M., Whitehouse, R.J.S., Tørum, A. (2001). Scour around coastal structures: a summary of recent research. Coastal Engineering, 44, 153-190.Trembanis, A.C., Mcninch, J.E. (2003). Predicting scour and maximum settling depths of shipwrecks: a numeric simulation of the fate of Queen Anne’s Revenge. Proceedings of Coastal Sediments. Clearwater Beach, Florida.Voropayev, S.I., Testik, F.Y., Fernando, H.J.S., Boyer, D.L. (2003). Burial and scour around short cylinder under progressive shoaling waves. Ocean Engineering, 30, 1647-1667.Ward, I. A. K., Larcombe, P., Veth, P. (1999). A New Process-based Model for Wreck Site Formation. Journal of Archaeological Science, 26, 561-570.Young, D.M., Testik, F.Y. (2009). Onshore scour characteristics around submerged vertical and semicircular breakwaters. Coastal Engineering, 56, 868-875.
Booij, N. Ris, R.C., Holthuijsen L.H. (1999). A third generation wave model for coastal regions; Part I: model description and validation. Journal of Geophysical Research, 104, 7649–7666.
Caston, G.F., (1979). Wreck marks: Indicators of net sand transport. Marine Geology, 33, 193-204.
Castaño-Lopera, Y.A., García, M.H. (2007). Geometry of scour hole around, and the influence of the angle of attack on the burial of finite cylinders under combined flows. Ocean Engineering, 34, 856-869.
Chang, K.A., Hsu, T.J., Liu, P.L.F. (2001). Vortex generation and evolution in water waves propagating over a submerged rectangular obstacle: Part I. Solitary waves. Coastal Engineering, 44, 13-36.
Chang, K.A., Hsu, T.J., Liu, P.L.F. (2005). Vortex generation and evolution in water waves propagating over a submerged rectangular obstacle: Part II: Cnoidal waves. Coastal Engineering, 52, 257-283.
Gracia, F.J., Rodríguez Vidal, J., Cáceres, L.M., Belluomini, G., Benavente, J., Alonso, C. (2008),
Diapiric uplift of an MIS 3 marine deposit in SW Spain: Implications for Late Pleistocene sea level reconstruction and palaeogeography of the Strait of Gibraltar, Quaternary Science Reviews, 27, 2219-2231.
GIOC (2001). Modelo de Propagación de Oleaje Espectral (Oluca-SP 2.0). Manual de Referencia, modelo de Ayuda a la Gestión del Litoral Español., University of Cantabria-Ministerio de Medio Ambiente.
Gutiérrez Más, J.M, Achab, M., Gracia, F. J. (2004) Structural and physiographic control on the Holocene marine sedimentation in the bay of Cádiz (SW-Spain). Geodinamica Acta, 17, 47-55.
Lesser, G.R., Roelvink, J.A., Van Kester, J.A.T.M., Stelling, G.S. (2004). Development and validation of a three-dimensional morphological model. Coastal Engineering, 51 (8-9), 883-915.
McNinch, J.E., Wells, J.I., Trembanis, A.C. (2006). Predicting the fate of artefacts in energetic, shallow marine environments: an approach to site management. International Journal of Nautical Archaeology, 35, 290-309.
Myrhaug, D., Ong, M.C. (2009). Burial and scour of short cylinders under combined random waves and currents including effects of second order wave asymmetry. Coastal Engineering, 56, 73-81.
Myrhaug, D., Ong., M.C. (2010). Random wave-induced scour around submerged breakwaters. Ocean Engineering, 37 (13), 1233-1238.
Quinn, R. (2006). The role of scour in shipwreck site formation processes and the preservation of wreck-associated scour signatures in the sedimentary record - evidence from seabed and sub-surface data. Journal of Archaeological Science, 33, 1419-1432.
Quinn, R., Boland, D. (2010). The role of time-lapse bathymetric surveys in assessing morphological change at shipwreck sites. Journal of Archaeological Science, 37, 2938-2946.
Rangel-Buitrago, N., Anfuso, G. (2013). Winter wave climate, storms and regional cycles: the SW Spanish Atlantic coast .International Journal Of Climatology, 33, 2142–2156 Raineault, N.A., Trembanis, A.C., Miller, D.C., Capone, V. (2013) Interannual changes in seafloor surficial geology at an artificial reef site on the inner continental shelf. Continental Shelf Research, 58, 67-78.
Reyes, E. (2004). Technical report:Caracterización hidrodinámica de la franja costera frente a Cabo Roche (Conil) en base a datos experimentales y resultados del modelo numérico UCA2.5.
Ris, R.C., Holthuijsen, L.H., Booij, N. (1999). A third-generation wave model for coastal regions
2. Verification. Journal of Geophysical Research, 104 (4C), 7667–7681.
Rodríguez Mariscal, N.E., Rieth, E., Izaguirre, M. (2010). Investigaciones en el pecio de Camposoto: hacia la identificación del navío francés Fougueux, Revista PH del Instituto Andaluz del Patrimonio Histórico, 75, 94-107.
Rodríguez-Ramírez, A., F. Ruiz, Cáceres, L.M., Rodrıguez Vidal, J., Pino, R., Muñoz, J.M. (2003). Analysis of the recent storm record in the southwestern Spanish coast: implications for littoral management. Science of The Total Environment 303(3): 189-201.
Smyth, T.A.G., Quinn, R. (2014). The role of computational fluid dynamics in understanding shipwreck site formation processes. Journal of Archaeological Science, 45, 220-225.
Stelling, G.S., van Kester, J.A.T.M. (1996). A non-hydrostatic flow model in cartesian coordinates, WL|Delft Hydraulics report.
Soulsby, R. (1997). Dynamics of Marine Sands: A manual Practical Applications., Thomas Telford Telford, London.
Sumer, B.M., Fredsoe, J.R., Lamberti, A., Zanuttigh, B., Dixen, M., Gislason, K., Di Penta, A.F. (2005). Local scour at roundhead and along the trunk of low crested structures. Coastal Engineering, 52, 995-1025.
Sumer, B.M., Whitehouse, R.J.S., Tørum, A. (2001). Scour around coastal structures: a summary of recent research. Coastal Engineering, 44, 153-190.
Trembanis, A.C., Mcninch, J.E. (2003). Predicting scour and maximum settling depths of shipwrecks: a numeric simulation of the fate of Queen Anne’s Revenge. Proceedings of Coastal Sediments. Clearwater Beach, Florida.
Voropayev, S.I., Testik, F.Y., Fernando, H.J.S., Boyer, D.L. (2003). Burial and scour around short cylinder under progressive shoaling waves. Ocean Engineering, 30, 1647-1667.
Ward, I. A. K., Larcombe, P., Veth, P. (1999). A New Process-based Model for Wreck Site Formation. Journal of Archaeological Science, 26, 561-570.
Young, D.M., Testik, F.Y. (2009). Onshore scour characteristics around submerged vertical and semicircular breakwaters. Coastal Engineering, 56, 868-875.




